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binding sites contained within ND66. Image analysis of
the more ordered regions of parallel filaments failed to
detect any feature between filaments that might be due
to the ND66 fragment. However, this would be consis-
tent with an extended structure for ND66, and the mass
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actin filaments. The crosslinking of actin filaments byNational Institute of Arthritis and
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Bethesda, Maryland 20892 F-actin [11].
Electron micrographs of isolated actin:ND66 filaments
(Figures 2B and 2C) were analyzed using an iterative
helical real space reconstruction (IHRSR) method [17]Summary
that surmounts the problem of both variable twist in
F-actin [18] and incomplete or disordered decoration ofNebulin is a giant protein that spans most of the mus-
F-actin by ND66. Previous applications of this methodcle thin filament [1, 2]. Mutations in nebulin result in
to complexes of actin and Actin Depolymerizing Factormyopathies and dystrophies [3, 4]. Nebulin contains
(ADF) were very successful in finding two different200 copies of 35 residue modules, each believed
modes of binding of ADF to actin [18], and these modesto contain an actin binding site, organized into seven-
would have been difficult or impossible to separate bymodule superrepeats [5, 6]. The strong correlation be-
conventional methods of helical image analysis [19]. Thetween the number of nebulin modules and the length
method has recently been applied to actin filaments withof skeletal muscle thin filaments in different species
an engineered intersubunit disulfide bridge [20] and hassuggests that nebulin determines thin filament length
also been used to successfully sort segments of RecA-[2, 7, 8]. Little information exists about the interactions
DNA [21], UvsX-DNA [22], and RadA-DNA [23] filamentsbetween intact nebulin and F-actin. More insight has
by both helical pitch and structure. Thus, the methodcome from working with fragments of nebulin, con-
has been extensively tested. Images of32,000 filamenttaining from one to hundreds of actin binding modules.
segments were repeatedly sorted into two classes, oneHowever, the observed stoichiometry of binding be-
containing pure F-actin and the other ND66-deco-tween these fragments and actin has ranged from 0.4
rated F-actin, using improved reconstructions of theto 13 modules per actin subunit [9–12]. We have used
F-actin:ND66 complex each cycle. The final sortingelectron microscopy and a novel method of helical
placed 62% of the filament segments in the undeco-image analysis to characterize complexes of F-actin
rated category and38% in the ND66-decorated groupwith a nebulin fragment. The fragment binds as an
(Figure 3C). Since segments with partial occupancy byextended structure spanning three actin subunits and
ND66 or with different modes of binding by ND66 maybinding to different sites on each actin. Muscle regula-
end up being classified as undecorated, these percent-tion involves tropomyosin movement on the surface
ages cannot be directly interpreted in terms of an overallof actin, with binding in three states. Our results sug-
stoichiometry of binding. In fact, the main effect of thegest the intriguing possibility that intact nebulin may
sorting may very well be in eliminating ND66 fragmentsalso be able to occupy three different sites on F-actin.
that are bound in a disordered manner, to yield a recon-
struction where the mass due to ND66 is now very clearly
Results and Discussion visible. In contrast, there have been previous recon-
structions of F-actin with actin binding proteins using
We have used ND66 [6, 10], a cloned nebulin fragment helical averaging where parts or even most of the density
from the C terminus of human fetal nebulin (Figure 1). due to the actin binding protein is not fully seen [24,
Depending upon the choice of phasing [6, 13], this frag- 25]. The additional mass due to the ND66 fragment (Fig-
ment contains either three or four actin binding modules. ures 3D and 3E) was judged to be highly significant and
Incubation of the ND66 fragment with F-actin results in extremely reproducible using different starting points
the presence of both free filaments (Figure 2C) as well for the three-dimensional reconstruction. Several differ-
as “rafts” of parallel filaments (Figure 2B). The lateral ences were observed in the actin itself in the comparison
spacing of filaments within these rafts was quite vari- between the decorated and undecorated reconstruc-
able, but a mean distance of 160 A˚ was measured in tion. The density due to subdomain 2 of actin is not seen
regions where filaments were fairly ordered. We interpret in the reconstruction of the fully decorated filaments, but
these rafts as arising from the same ND66 fragment this is consistent with numerous previous observations
binding to adjacent filaments, using the multiple actin showing that this is the most variable part of the actin
structure [26]. There is an apparent closing of the nucle-
otide binding cleft after decoration by ND66, but this is3 Correspondence: egelman@virginia.edu
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Figure 1. Nebulin Domain Architecture
Human adult nebulin consists of four do-
mains: an acidic N-terminal domain (blue);
185 copies of 35 residue nebulin modules
(M1–185) that are either single repeats (M1–8,
M163–185, red) or seven-module superre-
peats (M9–162, orange-yellow); a serine-rich linker (magenta); and a SH3 domain (green) at the C terminus [5]. Each single nebulin molecule
extends from the pointed end of thin filaments (N terminus) to the Z line (C terminus) in the muscle sarcomere [2, 5, 48]. ND66 is a 128 residue
fragment in the highly homologous single-repeat segment near the C terminus of human fetal nebulin [6], contains four 31 residue nebulin
modules, and corresponds closely to the M170–173 sequence of human adult nebulin (accession number X83957 [5]). This single repeat
region is found near the edge of the Z line in the sarcomere and binds actin, tropomyosin, troponin, calmodulin [6], and desmin [49].
also consistent with known internal modes of G- and were generated for both sets (decorated F-actin and
decorated ND66-polymerized G-actin) from segmentsF-actin [27, 28]. The changes that are seen in subdo-
mains 3 and 4 (Figure 3D) may be associated with this sorted into different helical symmetries (with twists from
162–167 per actin subunit), and all showed the sameclosing of the cleft.
Further confidence in the reconstruction comes from general features.
The reconstructions did not show a single continuoususing ND66 to polymerize F-actin. It has previously been
shown that nebulin fragments can act as potent nuclea- density for this nebulin fragment binding to each actin
subunit. Rather, three sites of additional mass weretors of F-actin assembly [11, 29]. Approximately 28,000
segments were selected from filaments formed when found on each actin subunit. When surfaces were exam-
ined at lower thresholds (Figures 4D and 4F), the addi-G-actin was polymerized by the addition of ND66 under
low-salt conditions where the G-actin does not sponta- tional densities were seen to be connected and could
be explained by an ND66 molecule that binds to threeneously polymerize (Figure 2D). These segments were
sorted in the same manner as those from F-actin decor- actin subunits. Using a single  helix to model ND66, it
was found that the additional densities in the recon-ated with ND66 and yielded a distribution of 56% un-
decorated and44% ND66 decorated. Given the cave- struction could be completely explained (Figures 4C and
4F) by an ND66 fragment that bound to subdomain 1 ofats discussed above, these numbers cannot be directly
interpreted in terms of a stoichiometry of binding. Re- one actin subunit, a different site on subdomain 1 of an
actin subunit below it, and then subdomain 4 of an actinconstructions from the decorated ND66-G-actin seg-
ments (Figure 3B) were similar to the reconstructions of subunit on the opposite long-pitch helical strand. Thus,
each fragment binds to three actin subunits, and thedecorated F-actin in the pattern of binding by ND66 but
showed less additional mass. We interpret this as simply binding appears to involve three different ND66 frag-
ments bound to each actin subunit at three differentless complete decoration. In addition, reconstructions
Figure 2. Electron Micrographs of Actin and
Actin-ND66 Complexes
Pure F-actin (A), F-actin incubated with the
ND66 fragment (B and C), and G-actin poly-
merized with ND66 under low-salt conditions
(D). Rafts of parallel actin filaments can be
seen (B) after incubation of F-actin with ND66,
but similar rafts are not seen in control F-actin
(A) or when G-actin is polymerized by ND66
(D). The scale bar in (A) is 1000 A˚ and applies
to (A), (C), and (D), while the scale bar in (B)
is 2000 A˚.
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Figure 3. Reconstructions of Actin and Ac-
tin-ND66 Filaments
Surfaces from undecorated F-actin (A), dec-
orated segments of G-actin polymerized by
ND66 (B), and ND66-decorated F-actin (C).
A statistical difference map between ND66-
decorated F-actin (C) and undecorated
F-actin (A) is shown as a surface (D) and in a
contour plot (E), superimposed on the undec-
orated actin. The position of the slice shown
in (E) is indicated in (D) by either of the dashed
lines (every slice spaced 27 A˚ apart will be
identical but rotated by166). The threshold
for the t map in (D) and (E) is 4.0, with a step
size of 4.0 between contours in (E). The differ-
ences due to ND66 are labeled as “a,” “b,”
and “c” in (D) and (E) and are shown in blue.
The differences due to a change in actin are shown in green (D and E). The peak of the difference due to ND66 has a t value of 18, while
that due to a change in actin has a peak of 12. The differences shown correspond to the regions where the actin-ND66 map is greater in
density than the undecorated actin map. The negative differences mainly involve subdomain 2, since the density due to this subdomain is
not seen in the decorated map. An additional negative difference is seen in the region of the C terminus. The actin subdomains 1 through 4
are labeled in (A), and subdomains 1 and 2 from a different subunit are labeled 1 and 2. The subdomains 1 and 3 from one subunit are
labeled in (E), and subdomains 2 and 4 from a different subunit are labeled 2 and 4 in (E). The surface in (A) is shown at 100% of the
expected molecular volume, the surface in (B) at 120%, and the surface in (C) at 115%.
sites. None of the three sites is consistent with a pre- Regulation of vertebrate skeletal muscle contraction
involves the troponin-tropomyosin complex within theviously postulated model for nebulin binding in the
actin-based thin filament. Tropomyosin sterically blocksgroove between the two long-pitch actin strands [30].
actin’s binding site for myosin in the relaxed state, andInstead, two of the three observed sites are consistent
the binding of Ca2 to troponin induces a movement bywith a model where nebulin is attached to the actin outer
tropomyosin away from this blocked position [32]. Andomains, presumably by binding to actin, tropomyosin,
additional movement of tropomyosin (Figures 5A andand troponin along the thin filaments [6]. One of the
5B) occurs after the initial weak binding of myosin tobinding sites on subdomain 1 (orange residues, Figure
actin [33–37]. A rotation of tropomyosin by35 around5A) involves the N terminus of F-actin, consistent with
the axis of the actin filament [35] at the same time thatthe observation that a nebulin fragment could be chemi-
a nebulin molecule is bound to actin raises many possi-cally crosslinked to this part of actin [31]. Reconstruc-
bilities for steric clashes. It has been shown that a nebu-tions of F-actin decorated by a peptide containing a
lin fragment can influence the interaction between actinsingle actin binding module (S6R7 [13]) show additional
and myosin heads [12]. Our observation that one sitedensity at this same site on subdomain 1 of actin (N.L.,
for nebulin binding (on subdomain 1) is in close proximityA.O., and E.H.E., unpublished data).
to both the strong binding site for myosin [38] and theThe existence of multiple nebulin binding sites on
blocked state of tropomyosin [35] suggests an interest-each actin subunit, taken together with the variable actin
ing possibility: just as tropomyosin can move betweenaffinity of nebulin modules [12, 13], can explain the large
different binding sites on F-actin, the intact nebulin mol-range of stoichiometries previously observed between
ecule may “roll” on the surface of actin, either alone ordifferent nebulin fragments and actin. Fragments con-
in concert with tropomyosin. In this model, intact nebulintaining multiple actin binding modules may bind to actin,
would symmetrically bind to every actin subunit (e.g.,with only a subset of the modules actually bound to
binding to subdomain 1 of every subunit) but could then
actin, and multiple fragments may also bind to the same
move to a different position (e.g., binding to subdomain
actin subunit. The ND66 fragment that we have used 4 of every actin). This model provides a testable frame-
derives from the single-repeat region at the C terminus work for studying interactions between longer nebulin
of the nebulin molecule. Fragments from both the N- fragments and F-actin.
and C-terminal regions appear to bind to F-actin in a The existence of multiple nebulin binding sites on
similar manner [6, 10]. However, three N-terminal frag- F-actin yields additional insights into the remarkable
ments, which would be situated in the actomyosin over- sequence conservation of actin. For example, there are
lap region of the sarcomere, bind to myosin and strongly no amino acid substitutions between chicken and hu-
inhibit actomyosin motility in a calcium- and calmodulin- man skeletal muscle actin. Some of this conservation
sensitive manner, while ND66 and ND8 (another C-ter- must be due to the exquisite preservation across evolu-
minal fragment) do not bind to myosin and only weakly tion of actin’s helical parameters and internal modes of
inhibit actomyosin motility [10]. One possibility, sug- freedom [26]. A significant component of this conserva-
gested by our observation of multiple binding sites, is tion must also be due to the large number of proteins
that the pattern of binding of intact nebulin to F-actin that interact with actin. When it is considered that pro-
varies over the length of the nebulin molecule, and this teins such as myosin [36, 39], tropomyosin [35, 40], ADF
can account, at least in part, for functional differences [18], and nebulin bind to more than one site on actin,
between fragments from different regions of nebulin. the role of F-actin in the cell becomes even more re-
markable.This can be directly tested.
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the ND66 binding site in subdomain 4 of actin (Figure
5A). Additionally, the C-terminal insert in actin, residues
354–375, forms part of the binding site for ND66 in sub-
domain 1 of actin (Figure 5A). We suggest that these
inserts may play an important role in both intrafilament
interactions and interactions with many actin binding
proteins, which can explain why all of these inserts have
been stably incorporated into all actins over the entire
range of eukaryotic evolution.
Experimental Procedures
Specimen Preparation and Electron Microscopy
Actin was prepared from rabbit skeletal muscle [45] and purified on a
Superdex-200 column using the AKTA-Explorer system (Pharmacia,
Uppsala, Sweden). G-Ca2-actin was converted to G-Mg2-actin by
incubation of G-actin in 10 mM imidazol-buffer (pH 7.2), 0.2 mM
ATP with 0.2 mM EGTA, and 0.2 mM MgCl2. G-Mg2-actin was
polymerized by 50 mM KCl at room temperature for 2 hr. Cloned
nebulin fragment ND-66 (amino acid residues HNC 2594–2721, nu-
cleotide 7789–8172 of HNC, accession number U35637) was pre-
pared as described [6]. The ND66 sequence, with the conserved
repeating residues in bold, is shown in Figure 6.
For experiments involving F-actin, 4 M F-Mg2-actin was incu-
bated with 40 M ND-66 in 40 mM KCl, 10 mM imidazol-HCl (pH
7.2), 1 mM MgCl2 for 7–12 min on ice. For experiments with ND66-
induced polymerization of G-actin, 5 M G-Mg2-actin was incu-
bated with 50 M ND-66 in 5 mM imidazol-HCl (pH 7.2), 0.2 mM
ATP, 0.2 mM DTT (G buffer) on ice for 3 hr. These samples were
then diluted two times by 40 mM KCl in G buffer. All samples were
applied to lightly glow-discharged carbon-coated grids and stained
with 1% uranyl acetate. Grids were examined in a Tecnai-12 (Phillips,
Holland) electron microscope under minimal-dose conditions at an
accelerating voltage of 80keV and a nominal magnification of
30,000.
Figure 4. Reconstructions and a Model for the Complex
The actin-ND66 reconstruction is shown at 100% (A and C) and
Image Analysis
200% (D and F) of the expected molecular volume, assuming one
Negatives were densitometered with a Leaf 45 scanner, using a
nebulin fragment per actin monomer and a partial specific volume
raster of 3.9 A˚/pixel. Most subsequent image processing employed
of protein of 0.75 cm3/gr. An atomic model for the actin-ND66 com-
the SPIDER software package [46]. Three-dimensional reconstruc-
plex has been built into this reconstruction (C and F). There is an
tions were generated using the iterative helical real space recon-
excellent fit between the actual reconstruction (A and D) and a 20 A˚
struction (IHRSR) method [17, 18, 20]. Images of filament segments
resolution rendered surface shown at either 100% (B) or 200% (E)
were extracted into boxes of 100  100 pixels, corresponding to
of the expected volume. The nebulin fragments are represented as
filament lengths of390 A˚. Multireference crosscorrelation analysis
104 residue  helices (blue, orange, and magenta), which bind to
was used to separate segments of undecorated actin filaments from
three separate sites on the actin subunit (green). This model ac-
decorated segments. An initial reconstruction was generated from
counts for most of the 128 residues contained within ND66 and
the ND66-F-actin complexes, which showed additional mass when
spans the extra density present in the reconstruction. However,
compared to a reconstruction of pure F-actin. However, heterogene-
it may not be that all 128 residues are in an extended -helical
ity existed in this initial reconstruction due to both incomplete bind-
conformation, or residues at the ends of the fragment are disor-
ing by ND66 as well as the variable twist of F-actin. Reconstructions
dered, or both. Differences from the model can be seen. The red
of both the ND66-decorated actin and pure F-actin were each regen-
arrow (D) indicates a region of weaker density in the actual recon-
erated 27 times with symmetries from 152–179 rotation per subunit.
struction that may be simply due to the disorder of a single  helix
Since each reconstruction was used to generate 90 reference pro-
spanning a gap. The blue arrow (D) indicates a region of greater
jections (each related by a 4 azimuthal rotation about the helical
density in the actual reconstruction that may be due to a more
axis), a total of 4860 (27  90  2) reference projections were used
globular local fold.
to sort the raw images, based upon both helical symmetry and
whether ND66 was bound. The validation of this sorting procedure
was that the reconstruction of the central subset (166 of rotation
per subunit) of images selected as having a better crosscorrelationFurther insight into how other proteins bind to actin
against the initial ND66-bound reconstruction showed an increasedcomes from a comparison between actin and actin’s
amount of additional mass, while a reconstruction from the corre-
prokaryotic homolog MreB [41]. Six insertions exist in sponding symmetry peak of the images selected as having the better
the actin sequence that are not present in MreB [41, crosscorrelation against the pure F-actin showed no additional
mass. This entire procedure was iterated, using the improved ND66-42]. Five of these insertions (40–48, 197–203, 262–274,
bound reconstruction each cycle as a reference volume. After five319–327, and 354–375) are likely to be involved in sub-
cycles, no further improvements in sorting were seen, and the solu-unit-subunit contacts in the actin filament, including the
tions that were obtained were found to be stable.“hydrophobic plug” contained within the loop 262–274
Surface thresholds were determined by using 100% of the ex-
[43, 44]. A sixth insertion, residues 228–235, does not pected molecular volume for both undecorated actin and 1:1 ND66-
seem to be involved in such intrafilament interactions. actin complexes, assuming a partial specific volume of protein of
0.75 cm3/g. The resolution in the IHRSR three-dimensional recon-Remarkably, this 228–235 insert appears to be part of
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Figure 5. Models for Nebulin and Tropo-
myosin
(A) Ribbon representation of two actin mono-
mers taken from the model for the actin-nebu-
lin complex shown in Figures 4C and 4F. The
N and C termini of actin are labeled. Residues
proposed to interact with the nebulin frag-
ment are colored magenta (96–101, 125–130,
359–366), blue (226–236), and orange (2–6,
348–356) in the lower actin subunit. Two in-
sertions in the actin sequence that are not
present in the bacterial MreB protein [41, 42]
are shown in burgundy (228–235) and cyan
(354–375) in the upper subunit. The location
of three tropomyosin coiled coils on the actin
subunits are indicated with transparent gray
cylinders.
(B) Previously published model for three
states of tropomyosin (green, yellow, and red) binding to F-actin [36].
(C) Model for the possible shift of full-length nebulin (blue, orange, and magenta) between the three observed nebulin binding sites in F-actin.
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